Exclusive nonleptonic decays of bottom and charm baryons are studied within a relativistic three-quark model with a Gaussian shape for the momentum dependence of the baryon-three-quark vertex. We include factorizing as well as nonfactorizing contributions to the decay amplitudes. For heavy-to-light transitions Q → qud the total contribution of the nonfactorizing diagrams amount up to ∼ 60 % of the factorizing contributions in amplitude, and up to ∼ 30 % for b → cūd transitions. We calculate the rates and the polarization asymmetry parameters for various nonleptonic decays and compare them to existing data and to the results of other model calculations.
I. INTRODUCTION
During the last years there has been significant progress in the experimental study of nonleptonic decays of heavy baryons [1] . New results on the mass spectrum, lifetimes, branching ratios and asymmetry parameters in the decays of the heavy baryons Λ + c , Σ c , Ξ c , Λ 0 b , ... were reported by various experiments ALEPH, ARGUS, ACCMOR, CLEO, OPAL, etc. The heavy baryon mass spectrum has been determined with good precision (within an accuracy of a few per cent). As to nonleptonic branching ratios, the accuracy of the measurements does not exceed 25-30 % even for the better studied Cabibbo-favored decay modes Λ − π + ) = 0.024 ± 0.006 ± 0.003 [3] . The baryonic decay Λ 0 b → J/ψΛ was first observed by the UA1 Collaboration [4] . The measured branching ratio was found to be Br(Λ 0 b → J/ψΛ) = (1.4 ± 0.9) % [1] . The OPAL Collaboration obtained an upper limit for the branching ratio of Br(Λ 0 b → J/ψΛ) < 1.1% [5] . Recently the CDF Collaboration has reported a much smaller value for the same quantity Br(Λ 0 b → J/ψΛ) = (0.037 ± 0.017 ± 0.004) % from a larger data sample [6] . From a theoretical point of view the Λ + c → pφ and Λ 0 b → J/ψΛ decays are simple in as much as they are described by factorizing quark diagrams alone. Their study can shed light on the nature of the nonleptonic interactions and may serve as an additional source for determining the Cabibbo-Kobayashi-Maskawa (CKM) elements and the values of the short-distance Wilson coefficients in the effective nonleptonic Lagrangian [7] - [11] . In the near future one can expect large quantities of new data on exclusive charm and bottom baryon nonleptonic decays which calls for a comprehensive theoretical analysis of these decays.
There exist a number of theoretical analysis of exclusive nonleptonic heavy baryon decays in the literature (see, e.g. refs. [12] - [27] ) including predictions for their angular decay distributions. The analysis of nonleptonic baryon decays is complicated by the necessity of having to include nonfactorizing contributions. One thus has to go beyond the factorization approximation which had proved quite useful in the analysis of the exclusive nonleptonic decays of heavy mesons. There have been some theoretical attempts to analyse nonleptonic heavy baryon decays using factorizing contributions alone [26] , the argument being that W-exchange contributions can be neglected in analogy to the power suppressed Wexchange contributions in the inclusive nonleptonic decays of heavy baryons. One might even be tempted to drop the nonfactorizing contributions on account of the fact that they are superficially proportional to 1/N c . However, since N c -baryons contain N c quarks an extra combinatorial factor proportional to N c appears in the amplitudes which cancels the explicit diagrammatic 1/N c factor [14, 17] . There is now ample empirical evidences in the c → s sectors that nonfactorizing diagrams cannot be neglected. For example, in the charm sector the two observed decays Λ + c → Ξ 0 K + and Λ + c → Σπ can only proceed via nonfactorizing diagrams. Their sizeable observed branching ratios may thus serve to obtain a measure of the size of the nonfactorizing contributions.
In the present paper both factorizing and nonfactorizing contributions to exclusive non-leptonic decays of bottom and charm baryons are taken into account. The decay amplitudes are studied within a relativistic three-quark model with a Gaussian shape for the momentum dependence of the baryon-three-quark vertex. It is shown that the total contribution of the nonfactorizing diagrams can amount up to ∼ 60 % of the factorizing contribution for heavy-to-light transitions and up to ∼ 30 % for b → c transition in amplitude. We calculate branching ratios and asymmetry parameters for bottom and charm baryon nonleptonic decays within the Lagrangian Spectator Model approach which generalizes the spectator quark model approach [28, 29] . We compare our results with existing data and other theoretical approaches.
The layout of the paper is as follows. In Section 2 we present details of our Lagrangian Spectator Model approach. In Section 3 we discuss the calculation of the matrix elements of nonleptonic decays of bottom and charm baryons. In Section 4 we present the results of our calculations. Section 5 contains our conclusions.
II. MODEL
A systematic and comprehensive analysis of weak semileptonic and nonleptonic decays of heavy baryons has been carried out within the spectator quark model [14, 15, 28, 29] which is based on the "equal-velocity" approximation [28, 29] . Namely, it is assumed that all quarks inside a hadron have equal velocities coinciding with the velocity of the hadron. In other words, the internal relative motion of quarks inside the hadrons is neglected.
The quark-hadron Bethe-Salpeter (BS) wave function satisfies the free-quark Dirac equation in the each quark index, i.e. the quarks are assumed to be noninteracting. With the use of the "equal-velocity" assumption the equations of motion for the wave functions of the individual constituent quarks in the baryon can be rewritten in terms of the hadron velocity, thus imposing restriction on the possible form of the hadronic BS wave function [14, 15, 28, 29] .
The explicit form of the BS wave functions for hadron in the initial state is given by
We have suppressed colour indices in (1) . M is the mass of hadron, P is its total fourmomentum, and B a [bc] , B {abc} , M b a denote the flavour part of the hadronic wave function. Analogous formulae for the final state hadronic wave functions can easily be derived from Eq. (1). They can be found in ref. [14] . Note that the BS spin wave functions (1) contain an additional "projector" factor
where v is the "on-shell" four-velocity of hadron, i.e. v 2 = 1. The factor V + ensures that in the c.m. frame only the positive-energy components of the full BS wave function survive, as it should indeed be, when the quarks are noninteracting.
Once the explicit form of the hadron wave functions is given, the transition matrix elements for weak decays are parameterized by a few overlap integrals in terms of the spinindependent spatial part of the hadron wave functions. Previously, the overlap integrals have been treated as phenomenological parameters to be determined from a fit to experimental data [14] .
In order to go beyond the approach [14] one has to develop a microscopic approach to the overlap integrals appearing in the expressions for the decay amplitudes or, equivalently, one has to specify the form of the hadron-quark transition vertex (hadronic BS wave function)
including the explicit momentum dependence of the Lorentz scalar part of this vertex. In the Lagrangian model considered in this paper this dependence is given by the baryon form factor which appears in the nonlocal interaction vertex coupling the baryons to the three quarks. The Lagrangian model has been successfully applied to the description of a wide class of the low and intermediate energy hadron phenomena both in the light [30] - [33] and heavy [34] quark sectors.
In its present form, this model is not immediately applicable to the study of the heavy baryon nonleptonic decays since it does not reproduce the results of the spectator model analysis [14] . The purpose of our present investigation will consist in embedding, step by step, the spectator model spin structure in our Lagrangian approach. Put differently, we attempt to reformulate the spectator model using the Lagrangian language in order to be able to calculate all quantities appearing in the description of the nonleptonic decays of heavy baryons with the use of the Feynman diagram technique.
Let us begin with the formulation of the basic notions of the Lagrangian model taking into account at every step the spin structure imposed by the spectator picture.
The problem of the choice of baryonic currents was discussed in ref. [34] (see also refs. [35] - [39] and [40] - [42] ). Let us briefly review the basic notions. Suppose that a baryon is a bound state of three quarks. Let y i (i=1,2,3) be the position space four-coordinate of quark i with mass m i . They are expressed through the center of mass coordinate (x) and the relative Jacobi coordinates (ξ 1 , ...) as
In the case of light baryons we shall work in the limit of SU (3) invariance by assuming that the masses of u, d and s quarks are equal to each other in Eq. (3). The breaking of SU(3) symmetry through the position space variables y i (via a difference of strange m s and nonstrange m quark masses: m s − m = 0) was found to be insignificant [34] . Thus, for light baryons composed of u, d or s quarks the coordinates of the quarks may be written as
For a heavy-light baryon with m 1 ≫ m 2 , m 3 one has instead
We assume that the momentum distribution of the constituents inside a baryon is modelled by an effective relativistic vertex function given by
which depends only on the sum of the relative coordinates squared in the coordinate space and on a cutoff parameter Λ B . Generally speaking, the shape of this function should be The Lagrangian describing the interaction of baryons with the three-quark current is written as
where J B (y 1 , y 2 , y 3 ) is the three-quark current with quantum numbers of a baryon B:
Here Γ 1,2 are strings of Dirac matrices, C = γ 0 γ 2 is the charge conjugation matrix and a i are the color indices. The strong coupling constant g B in (4) can be calculated from the compositeness condition (see, ref. [34] , [37] - [39] ), i.e. the renormalization constant of the hadron wave function is set equal to zero,
with Σ H being the hadron mass operator and M H denotes a hadron mass. Note that the latter condition is equivalent to the well-known relativistic normalization condition for the hadronic BetheSalpeter (BS) wave function. However, for technical reasons it is more convenient to use the normalization condition for the elastic vector form factor at zero recoil which, of course, is completely equivalent to the compositeness condition (see, discussion about it in ref. [34] ).
Possible choices of light and heavy-light baryonic currents have been studied in refs. [35] - [39] and [40] - [42] . For the octet of light baryons, for the Λ-type heavy-light baryons (Λ Q , Ξ Q ) with a light spin zero diquark system, and for the Ω-type heavy-light baryons (Ω Q , Σ Q ) with a light spin one diquark system the currents are written as follows [34] .
Heavy-Light Baryon Currents pseudoscalar variant J
In Table I we give the quark content, the quantum numbers (spin-parity J P , spin Sand isospin Iof light diquark) and the experimental (when available) and theoretical mass spectrum of the heavy baryons [1, 15] Next we write down the Lagrangian which describes the interaction of Λ Q -baryon with quarks in the heavy quark limit (m Q → ∞), i.e. to leading order in the 1/m Q expansion
where
One can see that the heavy quark is factorized from the light degrees of freedom in this In what follows we shall work with the momentum space representation of the interaction Lagrangians. Performing the requisite Fourier transformation e.g. for the case of the Λ Q baryon we obtain
Q (p) dp 1 dp 2 dp
where p and p 1 , p 2 , p 3 are the momenta of the baryon and the constituent quarks, respectively.
The relative momenta k 1 and k 2 may be expressed in terms of the quark momenta p i in a standard manner [34] .
For our purposes we also need the effective Lagrangians that describe the coupling of pions, kaons and the vector mesons ρ, φ and J/ψ to their quark constituents. In this paper we also assume that the mesons are point-like objects, i.e. their interaction with the constituent quarks are described by a local nonderivative Lagrangian
where Γ M and λ M are spin and flavour matrices. In other words, we choose the effective meson vertex functions to be constants in momentum space. This is a reliable approximation for the light mesons. For heavy mesons we expect that form factor effects in the meson vertex become important. This prevents us from extending the present approach to cases with heavy mesons in the final states, such as Λ
In general the form factor effects in the decays involving heavy mesons in the final state are expected to suppress their rates relative to those obtained from a point-like vertex. Exclusive nonleptonic bottom baryon decays involving heavy mesons form the subject of a separate piece of work.
To reproduce the spin amplitude structure of the spectator (or static quark) model analysis [14, 15] we assign the projector V + = ( v + 1)/2 to each light quark field in the baryon-quark vertex, where v is the "on-shell" four-velocity of hadron as in ref. [14] . The conjugate antiquark fields in the mesons are multiplied by the projector
We shall also use the static approximation for u, d and s quark propagators
where Λ q is the free parameter having the dimension of mass. We choose this parameter to have the same value Λ for u and d quarks and a different value Λ s for the strange quark.
The model obtained with the use of above prescriptions will be referred to as Lagrangian
Spectator Model in what follows.
An important property of the Lagrangian Spectator Model is that the structure of the interaction Lagrangians of light and heavy-light baryons with quarks is simplified. Namely, the different options for the choice of baryon currents all become equivalent. For example, the vector and tensor forms of the interaction Lagrangians of J P = 1/2 + light baryons are completely equivalent. For the proton the interaction Lagrangian takes the form
In Appendix A we provide a full list of the effective interaction Lagrangians for light baryons in the Lagrangian Spectator Model.
In the Lagrangian Spectator Model the leptonic coupling constants f π and f K are determined by the integrals
The meson coupling constants g π and g K in Eq. 13) are determined from the compositeness condition [34] which reads
Equations (13) and (14) contain the ultraviolet divergence since the mesons in our scheme are point-like objects. To regularize these quantities we introduce an ultraviolet cutoff parameter Λ cut . In order to reduce the number of free parameters in the model we relate the cutoff parameter in Eqs. (13) and (14) to the parameters Λ and Λ s appearing in static light
. Here q i corresponds to the flavour of the light quark being the constituent. After that we get
Substituting experimental values for f π = 131 MeV and f K = 160 MeV in Eqs. (15) we obtain Λ=1.90 GeV and Λ s =3.29 GeV.
For the heavy quark propagator S Q we will use the leading term in the inverse mass expansion. Suppose p = M B Q v is the heavy baryon momentum. We introduce the parameter 
In what follows we will assume thatΛ ≡Λ uu =Λ dd =Λ du ,Λ s ≡Λ us =Λ ds . Thus there are altogether three independent parameters:Λ,Λ s , andΛ ss .
The vertex function F in the baryon-quark interaction Lagrangians is an arbitrary function except that it should render the Feynman diagrams ultraviolet finite as was mentioned before. In [30] - [34] it was found that the basic physical observables of pion and nucleon low-energy physics depend only weakly on the choice of the vertex functions. In the present paper we choose a Gaussian vertex function for simplicity. In Minkowski space we write
where Λ B is the Gaussian range parameter which is related to the size of a baryon. Note that all calculations are done in the Euclidean region (k 
Eq. (17) shows that one recovers ζ(1) = 1 only when Λ B b = Λ Bc . As was mentioned above, the parameter Λ B Q = Λ B b = Λ Bc is one of the adjustable parameters in our calculation.
Thus, there is the following set of adjustable parameters in our model: the cutoff parameters Λ B (Λ Bq and Λ B Q ), and a set ofΛ {q 1 q 2 } binding energy parameters:Λ,Λ s and Λ {ss} .
III. MATRIX ELEMENTS OF WEAK DECAYS OF HEAVY BARYONS
The weak nonleptonic decays of bottom and charm baryons are described by the diagrams I, IIa, IIb and III in Fig. 1 .
In the terminology of [26] diagram I corresponds to factorizable external and internal W-emission, IIa to nonfactorizable internal W-emission and IIb and III to nonfactorizable W-exchange.
Diagram I corresponds to the so-called factorizing contribution. Diagrams IIa, IIb and III correspond to the nonfactorizing contributions. The vertices O µ • •O µ correspond to the nonleptonic interaction described by a standard effective four-fermion Lagrangian [7] - [11] .
For b → cūd and c → sūd transitions the effective four-fermion vertices read
Here c 1 , c 2 are short distance Wilson coefficients for b → cūd transitions and c 
and the same for a strongly depends on the renormalization scheme, ranging from -0.47±0.15 to -0.60±0.22. A detailed discussion can be found in ref. [10] . A first calculation of the Wilson coefficients a i for bottom hadron decays was done in ref. [7, 8] . A more refined analysis of the renormalization coefficients within various renormalization schemes can be found in ref. [10] where was shown that the value of the coefficient a 1 depends weakly on details of calculations:
.02 (in accordance with phenomenological analysis). As for the case of charm decays the coefficient a 2 is more sensitive to the choice of the renormalization scheme and ranges from 0.15±0.05 to 0.20±0.05.
The matrix elements describing heavy-to-heavy (b → c) and heavy-to-light (Q → q)
transitions can be written as
• heavy-to-heavy transition Factorizing contribution
For the matrix elements of the current operator J V +A µ sandwiched between one-meson state < M| and the vacuum |0 > we use the standard definitions
for the pseudoscalar mesons
for the vector mesons
Here χ + = a 1 for transition with a charged meson in the final state and χ − = a 2 for transition with a neutral meson in the final state. P 3 and M 3 are the four-momentum and the mass of the meson, respectively, f P is the leptonic decay constant of pseudoscalar meson and f V is the decay constant of vector meson into e + e − pair. For f P and f V we use the experimental
Here g M is the meson-quark coupling constant which is calculated with the use of the compositeness condition. The Dirac structure Γ M specifies the mesonic final state, i.e. Γ M = iγ 5
for pseudoscalar mesons and Γ M = γ µ for vector mesons
• heavy-to-light transition Factorizing contribution
Nonfactorizing contributions
Details of the calculation of the matrix elements ( • scalar-to-scalar diquark transitions
Diagram IIb
• vector-to-scalar diquark transitions
• vector-to-vector diquark transitions
Diagram IIa
The relations Eqs. (29)- (39) are in a complete agreement with the result of spectator model analysis [14] . Note also that the contributions arising from the diagrams IIb and III can be seen to be down by the helicity flip factor (M 2 /M 1 ) in agreement with the result of [14] .
The general invariant matrix element describing exclusive weak nonleptonic decays of heavy baryons 1/2 + → 1/2 + + 0 − is given by one
where the amplitudes M I , M IIa , M IIb , and M III are determined from the diagrams I, IIa, IIb, and III, respectively. Our results are given in the form Factorizing contribution:
Diagram III :
Here, (41)- (44) 
Here d 2 = 1 and
]. The parametersΛ i andΛ f correspond to initial and final baryons, respectively. The parameters t i (r), where r = Λ/Λ s , are given in Table   IIIa .
It is well-known that there are altogether three IW functions ζ(ω), ξ 1 (ω) and ξ 2 (ω) describing current induced ground state to ground state transitions. Here ζ(ω) describes Λ Q -type baryon transitions and Ω Q -type baryon transitions [43, 44] . In our approach they are expressed via a single universal function f (ω)
This result coincides with the prediction of large-N c QCD [45] and reproduces the result of the spectator quark model [15] .
Heavy-light transitions
The parameters χ(r), t 2 (r) and t 3 (r) are given in Table IIIb . The terms proportional to (M 1 − M 2 )/Λ B Q in the exponents in Eqs. (45) and (47) have been dropped for physical reasons.
IV. RESULTS
In this section we give our numerical results for the decay rates and the asymmetry GeV coming from analysis of semileptonic heavy baryon decays in relativistic three-quark model which uses the constituent quark masses [34] . As to the cutoff parameter in the lightbaryon vertex, in Ref. [33] it was demonstrated that the experimental data both for the dimensionless (nucleon magnetic moments) as well as dimensionful (nucleon charge radii) observables can be described successfully, using the value of the parameter Λ Bq from the interval ∼ (1-3) GeV provided the constituent quark mass is properly fitted. In particular, for the value Λ Bq = 3.037 GeV, with the constituent quark mass m q = 315 MeV, we obtain for the nucleon magnetic moments and charge radii: µ p = 2.62 (experiment 2.79), µ n = - The IW-functions ξ 1 and ξ 2 must satisfy to the two model-independent Bjorken-Xu inequalities in [47] . The first inequality reads
The inequality (49) implies a second inequality, namely a model-independent restriction on the slope (radius) of the form factor ξ 1 (ω)
From the inequality (49) we find an upper limit for the universal function f (ω)
which we impose as a condition.
From the inequality (50) for the slope of the function ξ 1 (ω) we see that ρ In Table IV we present the branching ratios of the decays Λ
→ pK 0 and Λ + c → Ξ 0 K + which are described nicely using a three-parameter fit. Our predictions for the other heavy-to-light decay modes are listed in Table IV . In Table   V we give the calculated values for the asymmetry parameters in the nonleptonic decays of 1/2 + charm and bottom baryons into octet of light baryons and pseudoscalar mesons (pions and kaons). The relevant formulae for the decay rates and the asymmetry parameters in terms of the invariant amplitudes A and B are listed in ref. [14] . For comparison in Tables   IV and V we quote the results predicted by other phenomenological approaches. It is seen that rates of decays which proceed only via the nonfactorizing diagrams are not suppressed.
In Table VI we list our predictions for the parity-violating (A) and parity-conserving (B)
amplitudes in the decays Λ
In Table VII and is thus not affected by such an omission.
In Tables VIII and IX In Tables X and XI we 
In particular, the asymmetry parameter in the decay Λ 
Vector variantB km λ
Tensor variantB km λ
whereB km is the baryonic octet matrix
It is well known [37, 38] that these five forms can be combined in the two linearly independent SU(3) invariant combinations called vector variant and tensor variant (see, Eqs. (6)).
In order to reproduce the results of the spectator model in the Lagrangian formulation, one has to modify the baryonic currents writing them in terms of the "projected" quark fields, replacing q → V + q, where V + = 1/2 ( v + 1) is the projector introduced is Sec. 2.
With the use of the "on-shell" conditionsBV + =B and v 2 = 1 it is easy to verify that there exist simple relations between various interaction Lagrangians obtained from Eq. (A1) via the substitution q → V + q:
Since the vector and tensor Lagrangians (6) are completely equivalent to each other on the baryon mass shell one can start with either of them. Note that the vector and pseudoscalar forms of interaction Lagrangians transform into each other under Fierz transformations (on baryon mass shell)
Here (α i ) denote the spinor indices.
For SU(3) octet of light baryons the interaction Lagrangians are listed in Table XII . The interaction Lagrangians for heavy-light baryons are given in Table XIII . The meson-quarkantiquark interaction Lagrangians are listed in Table XIV .
The baryon-quark couplings g B are determined from the normalization condition for vector current. For heavy-light baryons they are given by
where Λ q 1 and Λ q 2 are light quark cutoff parameters and R Q is the structure integral which depends on the ratioΛ/Λ B Q
In the case of light baryons the couplings are given by Factorizing Contribution (b → c transition)
Nonfactorizing Contribution (b → c transition)
The final light baryon state carries the Euclidean momenta p 2E with the mass-shell condition:
Scaling all momentum variables in the above integrals by Λ B Q and using the Feynman
we have Tables   TABLE I Quantum numbers 
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TABLE IIa
Flavor coefficients for heavy-heavy decays (C ≡ cos δ P , S ≡ sin δ P , δ P = θ P −θ I , where θ P = −11 o is the η − η ′ mixing angle).
TABLE IIb
Flavor coefficients for heavy-light decays (C ≡ cos δ P , S ≡ sin δ P , tg ± = 1 ± tgδ P · r √ 2, ctg ± = 1 ± ctgδ P · r √ 2, δ P = θ P − θ I , where θ P = −11 o is the η − η ′ mixing angle, θ I = 35 o ).
TABLE IIIa
Factors t i (r) for heavy-heavy decays (C ≡ cos δ P , S ≡ sin δ P , δ P = θ P − θ I , where List of Figures   FIG. 1 Diagrams contributing to the matrix element of heavy baryon nonleptonic decay: factorizing diagram (I), nonfactorizing diagrams (IIa), (IIb) and (III). 6.040
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